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ABSTRACT 
 
Standardization and Application of Spectrophotometric Method for Reductive Capacity 
Measurement of Nanomaterials. (August 2010) 
Wonjoong Hwang, B.E., Korea Military Academy 
Chair of Advisory Committee: Dr. Bing Guo 
 
In this study, a reproducible spectrophotometric method was established and 
applied to measure reductive capacity of various nanomaterials. Reductive capacity had 
been implicated in the toxicity of nanomaterials, but a standardized measurement 
method had been lacking until this work. 
The reductive capacity of nanoparticles was defined as the mass of iron reduced 
from Fe3+ to Fe2+ by unit mass of nanoparticles, in an aqueous solution that initially 
contained ferric ions. To measure the reductive capacity, the nanomaterials were 
incubated in a ferric aqueous solution for 16 hours at 37 ˚C, and the reductive capacity of 
the nanoparticles was determined by measuring the amount of Fe3+ reduced to Fe2+ using 
a spectrophotometric method. The reagents 1,10-phenanthroline and hydroquinone were 
used as a Fe2+ indicator and a reducing agent respectively for the assay.  
To standardize this method, various experiments were carried out. For the initial 
ferric solution, various Fe salts were tested, and Iron(III) sulfate was chosen as Fe salt 
for the standard method. The measured reductive capacity of nanoparticles was found to 
vary with the measurement conditions; the measured reductive capacity increased with 
 iv
increasing the Fe/nanoparticle ratio; the measured reductive capacity increased with 
incubation time and leveled off after 8 hours of incubation. For hydrophobic materials, 
the surfactant Tween-20 was added so that the particles could be wetted and suspended 
in the ferric aqueous solution. After incubation, the particles were removed from the 
solution by either filtration or centrifugation before applying the spectrophotometric 
method. In addition, optimal pH and minimum time to reach ultimate color intensity 
were also found.  
Carbon-based nanomaterials, standard reference material and metal oxides were 
measured for their reductive capacities with this method and characterized by 
transmission electron microscopy (TEM), energy dispersive x-ray spectroscopy (EDS), 
x-ray diffraction (XRD), BET measurement and Raman spectroscopy. For some 
nanoparticles, the reductive capacity was measured for both the pristine form and the 
form treated by oxidization or grinding.  
All carbon-based nanomaterials, except for pristine C60, have a significant 
reductive capacity while reductive capacity of metal oxides is very low. And it was 
found that reductive capacity can be increased by surface functional groups or structural 
defects and reduced by oxidization or heating (graphitization). The reductive capacity of 
a material can play an important role in its toxicology by synergistic toxic effects in the 
presence of transition metal ions through the Fenton reaction. Moreover, even without 
transition metal ions, the ability of a material to donate electrons can be involved in 
toxicity mechanisms via generation of reactive oxygen species.  
 v
DEDICATION 
 
To my lovely wife, Eunsun, precious daughter, Ashely, and all of my family members 
who have always been there for me 
 
 vi
ACKNOWLEDGEMENTS 
 
 I would like to thank my advisor, Dr. Bing Guo, not only for academic guidance 
and advice but also for the support he has given me in last two years. Sincere thanks are 
due to Dr. Ramesh Talreja and Dr. Xinghang Zhang for their valuable recommendations 
and consideration as committee members.  
I also appreciate the big favors from Mike Berg and Dr. Sayes of doing sample 
preparation and BET measurements. I would like to thank Wonchang Park for doing 
Raman analysis and Dr. King, in the Aerosol Technology Lab, for providing various 
instruments in the lab. I also want to extend my gratitude to group members, Gagan 
Singh and Chunghoon Lee, who have given great help. 
 
 vii
TABLE OF CONTENTS 
 
              Page 
ABSTRACT ..............................................................................................................  iii 
DEDICATION ..........................................................................................................  v 
ACKNOWLEDGEMENTS ......................................................................................  vi 
TABLE OF CONTENTS ..........................................................................................  vii 
LIST OF FIGURES...................................................................................................  ix 
LIST OF TABLES ....................................................................................................  xi 
1. INTRODUCTION...............................................................................................  1 
2. THEORY.............................................................................................................  3 
 
  2.1 1,10-Phenanthroline and Ferroin..........................................................  3
  2.2 Absorbance and Spectrophotometer.....................................................  4 
  2.3 Hydroquinone.......................................................................................  5 
 
3. METHODOLOGY FOR REDUCTIVE CAPACITY ANALYSIS....................  7 
  3.1 Equipments for Reductive Capacity Measurement ..............................  7 
  3.2 Calibration Curve .................................................................................  8 
  3.3 Reductive Capacity Measurements ......................................................  11 
  3.4 Characterization of Nanomaterials.......................................................  16 
  3.5 Statistical Analysis ...............................................................................  17 
 
4. REDUCTIVE CAPACITY OF NANOMATERIALS........................................  18 
  4.1 Overview of Materials..........................................................................  18 
  4.2 Carbon Nanomaterials..........................................................................  26 
  4.3 Metal Oxides ........................................................................................  35 
  4.4 Standard Reference Materials ..............................................................  37 
 
5. STANDARDIZATION OF THE METHOD......................................................  38 
  5.1 Preparation of Incubation Solutions.....................................................  38 
 viii
              Page 
  5.2 Incubation.............................................................................................  52 
  5.3 Particle Separation................................................................................  54 
  5.4 Optimal Conditions for Color Development and Absorbance  
   Measurement ........................................................................................  56 
 
6. DISCUSSION .....................................................................................................  60 
7. SUMMARY AND CONCLUSION....................................................................  63 
REFERENCES..........................................................................................................  65 
APPENDIX A ..........................................................................................................  71 
APPENDIX B ..........................................................................................................  72 
APPENDIX C ..........................................................................................................  74 
APPENDIX D ..........................................................................................................  75 
VITA ........................................................................................................................  76 
 
 ix
LIST OF FIGURES 
 
FIGURE                                                                                                                         Page 
 
 
 1 The structures of (a) 1,10-phenanthrolinea and (b) Ferroin........................  3 
 
 2 An illustration of the absorbance measurement .........................................  5 
 
 3 Reduction and oxidation equilibria of hydroquinone.................................  6 
 
 4 Calibration curve of Fe2(SO4)3 at pH 2 ......................................................  10 
 
 5 A flow chart of the reductive capacity measurement .................................  15 
 
 6 Representative TEM images of carbon nanoparticles and nanotubes........  20 
 
 7 XRD pattern of synthesized TiO2...............................................................  22 
 
 8 Representative TEM images of metal oxides.............................................  23 
 
 9 TEM and EDS results of SRMs. ................................................................  25 
 
 10 Reductive capacity of CNTs. .....................................................................  27 
 
 11 Raman spectra of (a) MCNT_2 and MCNT_4, (b) MCNT_3  
  and MCNT_5..............................................................................................  28 
 
 12 Reductive capacity of modified CNTs by grinding and aging...................  30 
 
 13 Raman spectra of pristine and ground CNTs. ............................................  31 
 
 14 Effect of sonication on reductive capacity of CNTs. .................................  32 
 
 15 Reductive capacity of CB and Soot............................................................  33 
 
 16 Reductive capacity of fullerenes. ..............................................................  34 
 
 17 Reductive capacity of TiO2 in comparison with CB. .................................  35 
 
 18 Reductive capacity of silica........................................................................  36 
 
 19 Reductive capacity of SRMs. .....................................................................  37 
 x
FIGURE                                                                                                                         Page 
 
 
 20 Leached Fe ions from Fe2O3 in the solutions of different pH. ...................  40 
 
 21 Color development of FeCl3 solution at different pH  
  at Fe concentration of 4.75mg/L. ...............................................................  42 
 
 22 Color development of Fe2(SO4)3 solution at different pH  
  at Fe concentration of 5.56 mg/L. ..............................................................  44 
 
 23 Color intensity of Fe2(SO4)3 control solutions. ..........................................  46 
 
 24 A photo of 90 mg of Fe2(SO4)3 control. .....................................................  47 
 
 25 Effect of Fe ratio on Reductive capacity of CB. ........................................  48 
 
 26 A photo showing of the behavior of a hydrophobic material.....................  50 
 
 27 Effect of surfactants on reductive capacity measurement. .........................  51 
 
 28 The reductive capacities of CB at different incubation time......................  53 
 
29 The reductive capacity of CB measured using  (a) filtration 
 and (b) centrifugation. ................................................................................  54 
  
 30 Absorbance increase of Fe2(SO4)3 solution with phenanthroline  
  at different pH... .........................................................................................  57 
 
 31 Extracted Fe2+ (g/g) from the materials......................................................  59 
 
 32 The schematic of flame apparatus for TiO2 synthesis................................  72 
 
 
 xi
LIST OF TABLES 
 
TABLE                                                                                                                          Page 
 
 1 The sequence and quantities of the stock solution and reagents  
  for calibration curve ...................................................................................  9 
 
 2 The quantities of reagents in the final solutions.........................................       13 
 3 Sample information of carbon nanoparticles and nanotubes......................       19 
 
 4 Sample information of metal oxides ..........................................................       21 
 
 5 Sample information of standard reference materials..................................       24 
 
 6 Specific surface area (SSA) and reductive capacity of CNTs  
  in surface area basis....................................................................................       27 
 
 7 Degree of graphitization and reductive capacity of MCNTs .....................       29 
 
 8 The extent of defects on CNTs, ID / IG. ......................................................       31 
 
 9 The quantities of Fe2O3 nanoparticles and sulfuric acid ............................       39 
 
 10 Chemicals added into each flask for FeCl3 color development..................       41 
 
 11 Chemicals added into each flask for Fe2(SO4)3 color development ...........       43 
 
 12 The quantities of CB and Fe in the incubation solutions ...........................       45 
 
 13 Fe ratio and reductive capacity of each sample..........................................       47 
 
 14 The quantities of additives in the incubation solutions ..............................       49 
 
 1
1. INTRODUCTION1 
 
Spectrophotometry is essentially a trace analysis technique and is widely used 
due to its selectivity, accuracy, rapidity, low cost and ease of operation. Using various 
colorimetric chelating reagents that form a complex and absorb light, it has been 
developed as a way to determine metal ions [1-7], inorganic compounds [8-11] and 
organic compounds [12-20]. This method also offers a way for detection and speciation 
of Fe ions [21-25], and Fe determination and speciation techniques using 
spectrophotometric method were also applied to detect other substances [26-30] or to 
measure reactivity of materials [31, 32]. Toxicology studies have also used 
spectrophotometric method with different detection or determination techniques [33-37].  
Most of the toxicology mechanisms are related to redox reactions, and generation 
of reactive oxygen species (ROS) is known as one of main culprits for toxicity of 
materials [38]. Hydroxyl radical (OH·), one of strongest ROS, can be generated by 
following Fenton reaction [39]: 
 
Fe2+ + H2O2 → Fe3+ + OH· + OH-. 
 
In this regards, the ability of a material to reduce Fe3+ to Fe2+ ions may be 
directly related to its toxicity via redox cycling [39-41]. Therefore, there is a need to 
characterize nanomateirals for their reductive capability towards Fe3+, for assessing the 
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toxicity of nanomateirals. The reductive capacity of a material is defined as the mass of 
Fe3+ that can be reduced to Fe2+ by unit mass of nanomaterial: 
Reductive capacity = Mass of reduced Fe
3+ ions
Mass of used material
(g/g). 
Even if a huge number of toxicology studies have been carried out, there is no 
practical way to compare a result with other studies because the results obtained from 
each toxicology study are not comparable unless experiments were performed in exactly 
the same way. Besides, in vivo experiments of toxicity of a material requires relatively a 
long period of time from a few days to several years [42-44], and in vitro experimental 
designs tend to be complicated to satisfy desired conditions.  
This study was motivated to establish a simple reproducible method to measure 
the reductive capacity of nanomaterials, giving ease of operation and comparison. The 
aim of this study is to standardize and validate the spectrophotometric method for 
reductive capacity measurement, which can be applicable for different types of materials, 
and present reductive capacities of carbon nanoparticles and nanotubes, metal oxides and 
standard reference materials to find out the relation between reductive capacity results 
and toxicity of materials.  
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2. THEORY 
 
2.1 1,10-Phenanthroline and Ferroin 
 
 1,-10-Phenanthroline (Phen) is a polycylclic organic compound composed of 
three benzene rings with two nitrogen atoms, and its molecular formula is C12H8N2. 
1,10-phenanthroline forms a complex called ‘ferroin’ with Fe2+ by the following reaction. 
 
Fe2+ + 3Phen → [Fe(Phen)3]2+, Eo = 1.06V 
 
The structure of 1,10-phenanthroline and ferroin are shown in Fig. 1.  
 
N N       
N N
N
N N
N
Fe
2+
 
       (a)             (b) 
Fig. 1. The structures of (a) 1,10-phenanthrolinea and (b) Ferroin. 
a‘1,10’ indicates location of nitrogen atoms. 
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Ferroin, which appears in red, plays the role of absorbing species in an aqueous 
solution with a maximum molar absorptivity of 11,100 M-1cm-1 at 510 nm [45]. Thus, 
1,10-phenanthroline has been used as an indicator of Fe2+ ion with aid of a 
spectrophotometer. 
 
2.2 Absorbance and Spectrophotometer 
 
The Beer-Lambert law states the relation between the absorption of light and 
properties of the absorber. For liquids, the transmission (T) and absorbance (A) are 
defined as 
lc
I
IT ε−== 10
0
     (1) 
⎟⎟⎠
⎞
⎜⎜⎝
⎛−=
0
10log I
IA      (2) 
where I0 and I are the intensity of the light before and after passing through the absorber 
respectively as shown in Fig. 2. ε is the molar absorptivity, and l and c is the path length 
of the light and the concentration of absorbing species, respectively. Based on these two 
equations, a relation between absorbance (A) and the concentration of absorbing species 
(c) can be obtained as  
lc
I
IA ε=⎟⎟⎠
⎞
⎜⎜⎝
⎛−=
0
10log      (3) 
Equation (3) indicates if absorbance of a substance with the same molar 
absorptivity (ε) is measured with fixed path length (l) and wavelength, the result will be 
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proportional to the concentration of absorbing species (c). However, it should be noted 
that Beer’s law cannot be applied to very high concentrations of absorbing species and 
suspensions of particles [46]. 
 An illustration of the absorbance measurement by a single-beam 
spectrophotometer is shown in Fig. 2. 
 
 
Fig. 2. An illustration of the absorbance measurement. 
 
 
2.3 Hydroquinone 
 
Hydroquinone is a heterocyclic organic compound with two hydroxyl groups (-
OH) bonded to a phenyl ring, having the chemical formula of C6H4(OH)2. It can be 
converted to benzoquinone by oxidization producing two electrons as seen in Fig. 3.  
I0 I
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Fig. 3. Reduction and oxidation equilibria of hydroquinone. 
 
 
In the presence of Fe3+, hydroquinone donates electrons and reduces Fe3+ to Fe2+ 
by the following reaction. 
 
2Fe3+ + C6H4(OH)2 → 2Fe2+ + C6H4O2 + 2H+ , Eo = 0.071V [47] 
 
Having a positive redox potential of the reaction, the reduction of Fe3+ by 
hydroquinone takes place spontaneously until either Fe3+ or hydroquinone is all 
consumed. 
 
 
 
O
O
+ 2H+ +2e-
OH
OH
<Benzoqunone> <Hydroqunone>
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3. METHODOLOGY FOR REDUCTIVE CAPACITY ANALYSIS 
 
 All chemicals used in this study are of reagent grade or better, and de-ionized 
(DI) water was obtained via a Millipore Milli-Q and Milli-RO Ultrapure Water 
Purification System. Glassware and laboratory tools were cleaned by sonication, rinsed 
with DI water and dried in the ambient air before use. All preparations and experiments 
were conducted at room temperature kept at 20 ± 3 ˚C except for incubation. The 
reductive capacity was determined from a set of three replicates, and absorbance was 
measured at least three times for each sample at 512 nm.  
 
3.1 Equipment for Reductive Capacity Measurement 
  
The single-beam 1100 series Spectrophotometer (Cole Parmer, Vernon Hills, IL) 
was used to read absorbance of the solutions in a 4.5 ml optical polystyrene cuvette 
(58017-880, VWR, West Chaser, PA). A 10 L analog water bath (Cole Parmer, Vernon 
Hills, IL) was used for incubation of the samples. A Model 5804 centrifuge (Eppendorf, 
Westbury, NY) was used for centrifugation of incubated solutions in 50 ml 
polypropylene concial tubes (Becton Dickinson Labware, Franklin Lakes, NJ), and 9 cm 
(diameter) grade 415 paper filters (28320-041, VWR, West Chaser, PA) were used for 
filtration of incubated solutions. An electronic balance (ZSA80, Scientech, Boulder, CO) 
and pH meter (Extech, Waltham, MA) was used to measure mass and pH respectively. 5, 
10 and 25 ml of polystyrene pipettes (Becton Dickinson Labware, Franklin Lakes, NJ) 
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and micropipettes with range of 40 ~ 200 μl and 200 ~ 1000 μl (Cole Parmer, Vernon 
Hills, IL) were used for dispensing adequate quantities of liquids. An ultrasonic cleaner 
(Model T50, VWR, West Chaser, PA) was used for cleaning glassware and dispersing 
particles in suspensions. Mortar and pestle (Cole Parmer, Vernon Hills, IL) were used to 
generate structural defects of carbon nanotubes by grinding, and a flame synthesis 
apparatus was used in synthesis of Soot-A, TiO2 and Fe2O3.  
 
3.2 Calibration Curve 
 
A relation between Fe2+ concentration and absorbance was obtained by a 
calibration curve of a series of absorbance measurements with known Fe2+ concentration. 
A stock solution for calibration curve was prepared by dissolving 10.7 mg of Iron(III) 
sulfate hydrate (Fe2(SO4)3·xH2O, Reagent grade, Alfa Aesar, Ward Hill, MA) in 1L of 
DI water. The x value in the chemical formula was revealed to be 6.08 by the 
manufacturer. Different amounts of the stock solution; none, 5, 10, 20, 30 and 50 ml, 
were pipetted into 100 ml volumetric flasks so that each flask had various Fe ion 
concentrations ranging from 0 ~ 1.2 mg/L. A 1-ml solution containing 1w% 
hydroquinone (C6H4(OH)2, 99 %, Alfa Aesar, Ward Hill, MA) solution was added to 
reduce Fe3+ to Fe2+ ions, and 0.25 ml of 20 % sulfuric acid (H2SO4, 95 %, Labchem, 
Pittsburgh, PA) was then added to make the solution low pH around 2. Finally, 10 ml of 
0.3w% 1,10-phenanthroline (C12H8N2, >99 %, Alfa Aesar, Ward Hill, MA)  which was 
prepared by dissolving 0.6 g of 1,10-phenanthroline in 20 ml of acetone (C3H6O, 
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>99.5 %, Sigma-Aldrich, St. Louis, MO) and diluted to 200 ml with DI water, was added 
to form ferroins with Fe2+ ions in the solution, making a red color with varied intensities 
according to the Fe2+ concentration in the solution. The sequence of addition and 
quantities of stock solution and chemicals used in each flask are shown in Table 1. 
 
Table 1. The sequence and quantities of the stock solution and reagents for calibration 
curve. 
Flask   No. (1) (2) (3) (4) (5) (6) Sequence
Stock solution · 5 ml 10 ml 20 ml 30 ml 50 ml 1 
1 % Hydroquinone 1ml 2 
20 % sulfuric acid 0.25 ml 3 
0.3 % Phenanthroline 10 ml 4 
 
The pH of final solutions for absorbance reading was within 2 ± 0.1, and 
absorbance measurements of each solution were performed 1 hour after the solution was 
made. The results are plotted in Fig. 4. Absorbance and Fe2+ ion concentration (mg/L) 
has a linear relationship with slope of 0.1893. 
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Fig. 4. Calibration curve of Fe2(SO4)3 at pH 2 
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3.3 Reductive Capacity Measurements 
 
Solution Preparations for Incubation 
 
The samples were prepared for each reductive capacity measurement in the 
following steps:  
(1) Three replicate samples: To each of three replicate 200-ml beakers, the salt 
Fe2(SO4)3 9.0 ± 0.2 mg and the nanomaterial 30 ± 0.2 mg were added. If the 
nanomaterial was hydrophobic, 2 ml of 0.12 mM surfactant (Tween 20, Bio-
Rad, Hercules, CA) was added to the sample so that it could be wetted by water.  
(2) One reference sample: To a fourth 200-ml beaker, the nanomaterial 30± 0.2mg 
was added. 
(3) DI water in the amount of 75 ml was then added into each beaker, and the 
beakers were sealed with Parafilm® (Pechiney Plastic Packing, Chicago, IL).  
(4) The solutions were gently shaken by hand before incubation. 
 
Incubation and Particle Separation 
  
 The water bath was warmed up before use and set at 37 ˚C to mimic human body 
conditions. The solutions containing both Fe3+ ions and nanomaterials were placed in a 
water bath which was kept at 37± 3 ˚C. The nanomaterials were allowed to react with 
Fe3+ ions in aqueous solutions for 16 hours. After 16 hours of incubation, solutions were 
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decanted to 100ml volumetric flasks by being passed through a paper filter so the 
particles were separated from the solution. And the particle-free solutions in the flasks 
were diluted to the 100 ml mark with DI water. If the nanomaterials could not be filtered 
by a paper filter, the particles were separated using a centrifuge. The incubated solutions 
were directly decanted into 100 ml volumetric flasks and diluted to 100 ml with DI water 
and transferred into two 50 ml centrifuge vials. The vials were centrifuged for 8 minutes 
at 4000 revolutions per minute (rpm), and as a result, particles were precipitated on the 
bottom of the vials. The supernatants in the two vials were pipetted together into another 
200 ml beaker, and thus, particle-free solutions were obtained. 
 
Color Development and Absorbance Measurements 
 
From each particle-free solution, three 25-mL aliquots were taken and put into 
three 100 ml volumetric flasks. These flasks were labeled A, B and C respectively for 
identification. To ‘B’ flask, 1 ml of 1 % hydroquinone was added as a reducing agent to 
reduce remaining Fe3+ to Fe2+, followed by addition of 0.25 ml of 20 % of sulfuric acid 
into all of three flasks. And then, 10ml of 0.3% 1,10-phenanthroline was added to ‘B’ 
and ‘C’ flasks to develop color. The quantities of chemicals added in each flask are 
shown in Table 2. 
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Table 2. The quantities of reagents added in final solutions. 
Flask ID. A (Method Blank) B (Fe total) C (Fe2+) 
Particle-Free Solution 25 ml 25 ml 25 ml 
1% hydroquinone · 1 ml · 
20% sulfuric acid 0.25 ml 0.25 ml 0.25 ml 
0.3% phenanthroline · 10 ml 10 ml 
 
After adding 1,10-phenanthroline, each solution was diluted to 100 ml with DI 
water and flipped over several times to mix the chemicals. After allowing the solutions 
no less than 1 hour to finish developing its color, 2~3 ml of solution was transferred to 
the cuvette, and absorbance was measured by a spectrophotometer at wavelength 512 
nm. Before each measurement, absorbance of DI water was set to zero, and the cuvette 
was rinsed with the solution to be measured. Flask ‘A’ represents a absorbance 
background affected only by its own color or remaining particles in solution not by Fe 
ions. Absorbance difference of flasks ‘B’ and ‘C’ from flask ‘A’ indicate total Fe (sum 
of Fe3+ and Fe2+) ions and Fe2+ ion concentration in the solutions respectively. 
 
Calculation of Mass of Reduced Fe2+ and Reductive Capacity 
  
Absorbance of Fe2+ (Flask ‘C’) subtracted by absorbance of method blank (Flask 
‘A’) indicates intensity of color solely due to Fe2+. The difference of absorbance between 
Fe2+ and method blank was compared to that of calibration curve, and thus the 
corresponding Fe2+ ions concentration (mg/L) in the solution could be found. Since 
neither Fe2+ ions exist in initial Fe2(SO4)3 aqueous solution, nor Fe3+ ions are reduced by 
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themselves without reducing agent, existing Fe2+ ions should be attributed to reduction 
of Fe3+ by co-incubated materials. Once the concentration of Fe2+ ions (mg/L) is 
obtained by comparison of absorbance results and calibration curve, a mass of reduced 
Fe3+ to Fe2+ during incubation could be calculated based on the procedure of the final 
solutions preparation. To get the reductive capacity of a material, reduced Fe3+ mass was 
divided by mass of nanomaterials used. The mean of reductive capacity results from 
triplicate samples was used as the reductive capacity of the nanomaterials. If a material 
contains a detectable amount of Fe2+ soluble in aqueous solutions of the same condition 
with incubation, the extractable Fe2+ per unit mass of sample (g/g) should be 
investigated as described in appendix C and taken into account in calculation of 
reductive capacity by subtracting extracted Fe2+ from calculated Fe2+ based on the 
absorbances. 
 Entire procedures of the reductive capacity measurement of single sample are 
shown as a flow chart in Fig. 5. 
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Fig. 5. A flow chart of the reductive capacity measurement. 
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3.4 Characterization of Nanomaterials 
 
 The examined materials were characterized using XRD, TEM, EDS, Raman 
Spectroscopy and BET analysis.  
To analyze crystalline structure of flame synthesized TiO2, the collected particles 
on alumina filter (Whatman, Maidstone, England) was directly placed on the sample 
holder and determined by Bruker-AXS D8 Powder X-ray diffractometer (Bruker, 
Madison, WI) with Cu source.  
The morphology and shape of nanomaterials were charaterized by TEM images. 
The nanomaterials were suspended in isopropyl alcohol (C3H7(OH), 99.5 %, 
Mallinchrodt Baker, Phillipsburg, NJ) and sonicated. Drops of the suspensions were put 
on various types of copper grid (Ted Pella Inc., CA); Type-B carbon film support for 
metal oxide, Type-A silicon monoxide and holey carbon support film for carbon 
nanoparticles and nanotubes. After evaporation of isopropyl alcohol, nanomaterials were 
remained and deposited on the copper grids. JEOL 2010 microscope (Jeol Ltd., Tokyo, 
Japan) was operated at 200kV, and TEM images were obtained by a Gatan ORIUS CCD 
camera (Gatan Inc., Pleasanton, CA). Energy dispersive X-ray spectroscopy (EDS) 
analysis was also performed along with TEM to confirm impurities in the materials. 
Raman spectroscopy was used to detect structural defects and graphitization of 
CNTs. CNTs were placed on glass slides, and Raman spectra of CNTs were obtained by 
Horiba Jobin-Yvon Labram Raman confocal Microscope 341-K (Horiba Ltd, Kyoto, 
Japan) using 633 nm laser. 
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BET measurements were carried out to determine specific surface area of the 
materials. Prior to the surface area measurement, density of each material was measured 
on a Micrometeitics Pynometer with a 0.1 cc insert using helium gas. And surface area 
was then measured on a Micromeritics ASAP 2020 under nitrogen absorption. 
 
3.5 Statistical Analysis 
 
 Analysis of variation (ANOVA) and Student’s t-test were used for statistical 
analysis of the reductive capacity results. Basically, the reductive capacity results, 
obtained from triplicates, were compared using these statistical tools to see if reductive 
capacity of a material is significantly different from that of others. Difference within a 
group of more than three materials was assessed by One-way ANOVA with a 
significance level of 0.05 (α = 0.05), and a paired two-sample t-test was used with 0.05 
of probability (P<0.05) to tell the significance of the reductive capacity difference before 
and after treatments. All the results were expressed as mean ± standard deviation. 
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4. REDUCTIVE CAPACITY OF NANOMATERIALS 
 
4.1 Overview of Materials 
 
Carbon Nanomaterials 
 
Carbon black (CB), carbon nanotubes (CNTs), fullerenes (C60) were purchased 
from commercial companies, and soot particles were generated using acetylene (Soot-A) 
as identified in Table 3 with detailed information of the materials. In addition, some of 
these materials were modified through treatments; CNTs were ground by a mortar and 
pestle and aged in ambient air, and CB and Soot-A were oxidized in DI water for 2 
weeks as described in appendix A. The representative TEM images of carbon 
nanomaterials are shown in Fig. 6. 
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Table 3. Sample information of carbon nanoparticles and nanotubes. 
Sample 
ID Materials Characteristics 
Id # 
CAS/Lot  
Manufactu
rer 
CB Carbon Black (Printex 90) 
Diameter : 5 - 30 nm 
(Mean : 14 nm) C1333-86-4 Degussa 
Soot-A Soot generated from Acetylene · N/A N/A 
SCNT_1 Single-wall carbon nanotubes 
Outer Diameter : 1-2 nm 
Length : 5-30 µm Sku-0101 
Cheap 
Tubes 
SCNT_2 
Single-wall 
carbon nanotubes 
with OH groups 
Outer Diameter : 1-2 nm 
Length : 10-30 µm Sku-0102 
Cheap 
Tubes 
SCNT_3 
Single-wall 
carbon nanotubes 
with COOH 
groups 
Outer Diameter : 1-2 nm 
Length : 5-30 µm Sku-0103 
Cheap 
Tubes 
C60 
Refined Mixed 
Fullerenes Outer diameter : 1 nm 
C99685 
-96-8 MER 
C60OH 
C60(OH)x(ONa)y 
(y ≈ 6~8, x+y ≈ 
24) 
· N/A MER 
C60H 
C60Hx 
(x ≈ 33) · N/A MER 
MCNT_
1 
Multi-wall carbon 
nanotubes 
Outer Diameter : < 8 nm 
Length : 10-30 µm Sku-030101 
Cheap 
Tubes 
MCNT_
2 
Multi-wall carbon 
nanotubes 
Outer Diameter : 10-20 
nm 
Length : 10-30 µm 
Sku-030103 Cheap Tubes 
MCNT_
3 
Multi-wall carbon 
nanotubes 
Outer Diameter : > 50 nm 
Length : 10-20 µm Sku-030107 
Cheap 
Tubes 
MCNT_
4 
Graphitized 
MCNT_2 
Outer Diameter : 10-20 
nm 
Length : 10-30 µm 
Sku-030103 Cheap Tubes 
MCNT_
5 
Graphitized 
MCNT_3 
Outer Diameter : > 50 nm 
Length : 10-20 µm Sku-030107 
Cheap 
Tubes 
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Fig. 6 shows representative TEM images of carbon nanoparticles and nanotubes. 
 
 
Fig. 6. Representative TEM images of carbon nanoparticles and nanotubes. (a) Carbon 
black (CB), (b) Single-wall carbon nanotubes (SCNT_1), (c) Fullerenes (C60), (d) Multi-
wall carbon nanotubes (MCNT_1), (e) Graphitized carbon nanotubes (MCNT_4),  
(f) Ground MCNT_3. 
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Metal Oxides 
 
 Commercially available titanium oxides (TiO2), Silicon(IV) oxide, MIN-U-SIL 5 
Crystalline silica and CAB-O-SIL M-5 amorphous silica were purchased from 
commercial companies as shown in Table 4. TiO2 nanoparticles were generated through 
flame synthesis as described in appendix B, and its crystal structure was turned out to be 
pure anatase as shown in Fig. 7. The representative TEM images of metal oxides are 
shown in Fig. 8. 
 
Table 4. Sample information of metal oxides. 
 
Sample 
ID Materials Purity / Size 
CAS/Lot 
# Manufacturer
Ti-A Commercial TiO2 (Anatase) 
99.6 %,  
Diameter : 20-200 nm I22J02 Alfa Aesar 
Ti-S Synthesized TiO2 (Anatase) 
N/A ,  
Diameter : 20-200 nm N/A 
Synthesized 
in Lab 
Ti-R Commercial TiO2 (Rutile) 
99.99 %,  
N/A A29T003 Alfa Aesar 
Si-C MIN-U-SIL 5 Crystalline Silica 
> 99%,  
N/A 08041309 U.S. Silica 
Si-A CAB-O-SIL M-5 Amorphous Silica 
> 99.9 % 
Diameter : 5-30 nm 969702 CABOT 
Si-S Silicon(IV) oxide (SiO2) 
100 %, 
N/A H30S013 Alfa Aesar 
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Fig. 7. XRD pattern of synthesized TiO2. It shows the flame synthesized TiO2 has pure 
anatase phase. 
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Representative TEM images of metal oxides are shown in Fig. 8. 
 
Fig. 8. Representative TEM images of metal oxides. (a) Commercial Anatase TiO2 (Ti-
A), (b) Synthesized Anatase TiO2 (Ti-S), (c) Commercial Rutile TiO2 (Ti-R), (d) MIN-
U-SIL 5 Crystalline silica (Si-C), (e) CAB-O-SIL M-5 Amorphous silica (Si-A),  
(f) Silicon(IV) oxide (Si-S). 
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Standard Reference Materials (SRMs) 
 
The standard reference materials; diesel particulate matter (DPM) and urban 
particulate matter (UPM) were purchased from National Institute of Standard and 
Technology (NIST, Gaithersburg, MA). The detailed information is provided in Table 5, 
and the results of TEM and EDS analysis are shown in Fig. 9. 
 
Table 5. Sample information of standard reference materials. 
Sample 
ID Materials Characteristics 
Id # 
CAS/Lot  Supplier 
DPM Diesel Particulate Matter Diameter : 5 - 30 nm 2975 
UPM Urban Particulate Matter 
200 nm – 100 μm 
(mode : 20 μm) 1648a 
NIST 
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Fig. 9. TEM and EDS results of SRMs. (a) and (b) Representative TEM images of DPM, 
(c) Representative TEM image of UPM, (d) EDS results of UPM, the red circle indicate  
the spot where EDS analysis was done. 
 
The EDS result confirms UPM particles have a considerable amount of Fe which may 
interfere the reductive capacity assay. 
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4.2 Carbon Nanomaterials 
 
Carbon Nanotubes (CNTs) 
 
 The reductive capacity of different types of pristine and modified CNTs was 
measured using aforementioned method, and the results are within range of 1.1×10-3 ~ 
8.4×10-3 g/g as shown in Fig. 10.  
In general, single-wall carbon nanotubes (SCNTs) appeared to have higher 
reductive capacity than multi-wall carbon nanotubes (MCNTs) which is most likely due 
to higher specific surface area (SSA, m2/g) shown in Table 6. The results of SCNTs with 
functional groups show that hydroxyl (OH) surface groups help reduction of Fe3+ 
through the following reaction: 
 
~C-OH + Fe3+ → ~C = O + Fe2+ + H+ [48]. 
 
The reductive capacity of SCNT with carboxyl (COOH) surface functional 
groups appeared to be 9.3 % lower than that of pristine SCNT, however, the difference is 
not significant based on the t-test. According to the ANOVA test, the differences of 
mean of reductive capacities both within SCNTs and within MCNTs are significant but 
not within the group of MCNTs when MCNT_2 was excluded. 
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Fig. 10. Reductive capacity of CNTs. (a) Pristine single-wall CNT, (b) Single-wall CNT 
with OH groups, (c) Single-wall CNT with COOH groups, (d) Multi-wall CNT with 
outer diameter (OD) of < 8 nm, (e) Multi-wall CNT with OD of 10 - 20 nm, (f) Multi-
wall CNT with OD of > 50 nm, (g) Graphitized MCNT_2, (h) Graphitized MCNT_3. 
 
Table 6. Specific surface area (SSA) and reductive capacity of CNTs in surface area 
basis. 
 SSAa (m2/g) Reductive Capacity (g/g) Reductive Capacity (g/m2) 
SCNT_1 425 5.56×10-3  ± 1.87×10-4 1.31×10-5 ± 4.39×10-7 
SCNT_2 336 8.42×10-3  ± 2.09×10-4 2.51×10-5 ± 6.21×10-7 
MCNT_2 154 3.03×10-3 ± 1.68×10-4 1.97×10-5 ± 1.09×10-6 
Ground 
MCNT_2 168 4.52×10
-3 ± 1.58×10-4 2.69×10-5 ± 9.4×10-7 
aSSA of CNTs was determined by BET measurements.  
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The graphitized forms (MCNT_4 and MCNT_5) showed significantly lower 
reductive capacity than that of pristine forms (MCNT_2 and MCNT_3) as summarized 
in Table 7, and the graphitization was confirmed by Raman spectra as seen in Fig. 11. 
 
 
Fig. 11. Raman spectra of (a) MCNT_2 and MCNT_4, (b) MCNT_3 and MCNT_5. Two 
main peaks appeared at 1320 cm-1 and 1570 cm-1; the peak at 1320 cm-1 is associated 
with structural defect (D band), while the peak at 1570 cm-1 corresponds to carbon-
carbon bonding in a graphene sheet (G band). 
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The intensity ratio of IG/( ID + IG) , where ID and IG is the intensity of D band at 
1320 cm-1 and G band at 1570 cm-1, respectively, indicates the degree of graphitization 
of CNTs, and the ratio increases as a CNT is graphitized [49]. 
 
Table 7. Degree of graphitization and reductive capacity of MCNTs. 
Material Degree of graphitizationa Increase Reductive Capacity Decrease 
MCNT_2 0.4484 3.027×10-3 
MCNT_4 0.6558 
46.2 % 
1.261×10-3 
58.4 % 
MCNT_3 0.5201 1.642×10-3 
MCNT_5 0.7653 47.2 % 1.128×10-3 31.3 % 
a Degree of graphitization is the ratio of IG/( ID + IG). 
 
The decreased reductive capacity of graphitized CNTs can be explained by the 
fact that the graphitization process results in decrease of both surface area and structural 
defects.  
As seen in Fig. 12, it was found that reductive capacity of CNTs could be 
significantly increased by 30~50 % after the grinding, and 3 days of aging could make 
them lose some of enhanced reductive capacity. Structural defects, confirmed by TEM 
images of ground MCNT_3 in Fig. 6 and Raman spectroscopy in Fig. 13, were generated 
by grinding using a mortar and pestle for 20 minutes by hand. The increased reductive 
capacity should be explained by the fact that grinding CNTs results in not only increase 
of specific surface area but also generation of reactive sites following rupture of carbon-
carbon covalent bonding [50]. Since the active sites on the defects by grinding are easily 
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oxygenated by ambient air [50], the grinding-induced reactive sites lose their ability to 
reduce Fe3+ ions after sufficient period of time passed. 
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Fig. 12. Reductive capacity of modified CNTs by grinding and aging. (a) Pristine 
SCNT_1, (b) Ground SCNT_1, (c) Ground and aged SCNT_1, (d) Pristine MCNT_2, (e) 
Ground MCNT_2, (f) Ground and aged MCNT_2. 
 ‘*’ means significantly different from the corresponding pristine sample. 
‘#’ indicates reductive capacity of the aged sample is significantly different from ground sample. 
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Fig. 13. Raman spectra of pristine and ground CNTs. (a) SCNT_1 and ground SCNT_1, 
(b) MCNT_2 and ground MCNT_2. 
  
The ratio of ID and IG can be also used to determine the extent of defects in CNTs 
[51], and the values of ID / IG are reported in Table 8.  
 
Table 8. The extent of defects on CNTs, ID / IG. 
Material Pristine form Ground form Increase 
SCNT_1 0.0729 0.0739 1.37 % 
MCNT_2 1.23 1.46 18.77% 
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The ratio, ID / IG, increased in both cases upon grinding, confirming that 
structural defects were generated by grinding. And grinding turned out to be more 
effective on MCNTs than SCNTs in terms of generating of defects, because MCNTs can 
have more active sites on its cross section when they are cut and broken by grinding. 
Sonication prior to the incubation increased only reductive capacity of SCNT_1 
by 17 % while its application did not cause any significant differences on other CNTs 
including SCNT_2, SCNT_3 and MCNT_2 as shown in Fig. 14. 
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Fig. 14. Effect of sonication on reductive capacity of CNTs. 
 ‘*’ means significantly different from pristine sample. 
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Carbon Black (CB) and Acetylene Soot (Soot-A) 
  
 The pristine form of CB and Soot-A were tested for the reductive capacity, and 
both materials were oxidized as described in appendix A and used for the reductive 
capacity analysis. The results in Fig. 15 show CB has the highest reductive capacity 
(9.3×10-3 g/g) among examined materials in this study, and it lost 34 % of the reduction 
ability after oxidization. Soot-A had reductive capacity of 3.4×10-3 g/g and 2.3×10-3 g/g 
before and after oxidization, respectively. The results show that 2 weeks of oxidization 
weakened the reduction ability of both carbon materials by almost 1/3.  
 
Ox_CB
CB
Soot-A
Ox_Soot-A
0
0.002
0.004
0.006
0.008
0.01
0.012
R
ed
uc
tiv
e 
C
ap
ac
ity
, g
(F
e3
+)
/g
(C
B
)
(a) (b) (c) (d)
R
ed
uc
tiv
e 
C
ap
ac
ity
, g
(F
e3
+)
/g
(C
B
)
 
Fig. 15. Reductive capacity of CB and Soot. (a) Pristine CB, (b) Oxidized CB,  
(c) Pristine Soot-A, (d) Oxidized Soot-A. 
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Fullerenes (C60) 
 
 Fullerenes (C60) exhibited different reductive capacities, depending on the its 
surface functional groups; C60 with OH groups turned out to be strongly reductive 
towards Fe3+, and  C60 with H atoms on its surface has moderate reductive capacity while 
pristine C60 is not able to reduce significant amount of Fe3+ as shown in Fig. 16. Effect 
of OH groups was explained with CNTs above, and H atoms on the surface also can be 
involved in redox reactions as shown below:  
 
~ C-H + Fe3+ + H2O → ~ C-OH + Fe2+ + H+  
~ C-H + Fe3+ + H2O → ~ C=O + Fe2+ + H+ [48]. 
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Fig. 16. Reductive capacity of fullerenes. (a) Pristine C60, (b) C60 with OH groups,  
(c) C60 with H atoms. 
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4.3 Metal Oxides 
 
Titanium Dioxides (TiO2) 
 
 The reductive capacity of three different TiO2 was investigated; commercial 
anatase TiO2 (Ti-A), synthesized anatase TiO2 (Ti-S) and commercial rutile TiO2 (Ti-R). 
Even though Ti-A has the highest reductive capacity among tested TiO2, reductive 
capacities of TiO2 are relatively low compared to that of CB which means the 
differences within TiO2 may not be significant in terms of biological effects. In Fig. 17, 
the results of TiO2 are shown in comparison with that of CB.  
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Fig. 17. Reductive capacity of TiO2 in comparison with CB. (a) Commercial anatase  
TiO2 (b) Lab synthesized TiO2 (c) Commercial rutile TiO2 (d) CB. 
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Silicon Dioxide (SiO2) 
 
 Various types of silica were examined and resulted in no significant reductive 
capacity from all three different types of silica. Reductive capacities of silica are within 
range of 8.8×10-5 ~ 1.3×10-4 g/g which is within measurement uncertainty (1.4×10-4 g/g) 
due to the limit of the spectrophotometer sensitivity (0.002 in absorbance). The reductive 
capacity of silica is summarized in Fig. 18. The conversion of absorbance limit to 
measurement uncertainty is shown in appendix D. 
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Fig. 18. Reductive capacity of silica. (a) MIN-U-SIL 5 Crystalline silica,  
(b) CAB-O-SIL amorphous silica, (c) Silicon(IV) oxide, (d) CB. 
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4.4 Standard Reference Materials (SRMs) 
 
 The diesel particulate matter (DPM) and urban particulate matter (UPM) from 
NIST were analyzed, and the results, shown in Fig. 19, indicate that both particulate 
matters have considerable reductive capacity of 2.5×10-3 g/g. As seen in EDS result in 
Fig. 9, UPM contains a significant amount of Fe in it, and extractable Fe2+ was 
determined as 1.4 ×10-3 g/g at the same condition with the standard method described in 
appendix C. The reductive capacity of UPM was obtained after subtracting extractable 
Fe2+. 
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Fig. 19. Reductive capacity of SRMs. (a) Urban particulate matter,  
(b) Diesel particulate matter. 
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5. STANDARDIZATION OF THE METHOD 
 
 Each step of spectrophotometric method may be affected by various factors, 
resulting in significant errors. These factors needed to be investigated and corrected so 
that we could get a consistent and compatible reductive capacity results. By eliminating 
unnecessary factors and minimizing variables, a reproducible method was established. 
Besides, due to the differences in the nature of the materials, additional steps were 
required in case of hydrophobic or unfiltered particles. And the addition of selective 
steps enabled this method to be applied for various types of nanomaterials without 
distortion of the results.  
 
5.1 Preparation of Incubation Solutions 
 
Fe Salt Selection 
 
 Iron(III) sulfate hydrate (Fe2(SO4)3·xH2O, Reagent grade, Alfa Aesar, Ward Hill, 
MA), iron(III) chloride hexahydrate (FeCl3·6H2O, ACS, Alfa Aesar, Ward Hill, MA), 
iron(III) nitrate nonahydrate (Fe(NO3)3·9H2O, > 98 %, Alfa Aesar, Ward Hill, MA) and 
iron(III) oxide (Fe2O3, maghemite, Labaratory generated [25]) were tested to be used for 
the initial ferric aqueous solution by criteria of ease of use and stable color development. 
Fe2O3 was once used to measure the reductive capacity of carbon black in 0.75M 
sulfuric acid [41], and this concentration of sulfuric acid gives too low pH (-0.18) which 
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is not possible in human cell culture [52]. To see if Fe2O3 nanoparticles are soluble in 
bioavailable pH (>3.5), 20mg of Fe2O3 particles were incubated at different pH for 16 
hours. The quantities of Fe2O3 nanoparticles and sulfuric acid used in each case are 
shown in Table 9. 
 
Table 9. The quantities of Fe2O3 nanoparticles and sulfuric acid. 
Fe2O3 
Sulfuric Acid 
(concentration) DI water pH in the solution 
20 mg 0.02 ml (5%) 3.41 
20.2 mg 0.5 ml (20%) 1.71 
21.1 mg 1 ml (20%) 
75 ml 
1.4 
 
The leached Fe2+ and Fe3+ from Fe2O3 at each pH were determined using 
spectrophotometric method, and the results are shown in terms of weigh percentage 
(Leached Fe / Used Fe2O3 ×100) in Fig. 20. 
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Fig. 20. Leached Fe ions from Fe2O3 in the solutions of different pH. The amount of Fe2+ 
leached from Fe2O3 is below the measurement uncertainty regardless of pH. 
 
The results show that while considerable amount of Fe was dissolved at pH 1.7 and 1.4, 
there was almost no leachable Fe ions at the pH 3.4. This suggests that we have to use 
pH lower than bioavailable limit to prepare ferric solution with Fe2O3, and the 
applications of this method using Fe2O3 are likely to be limited to only a few cases 
allowing strong acidic condition. 
 Iron chloride (FeCl3) was also considered as a candidate for trivalent Fe salt, but 
it was removed from the list of candidates due to its time consuming color development. 
A stock solution of FeCl3 was prepared with 46mg of iron(III) chloride hydrate in 1 L of 
DI water, and 50ml of the stock solution and reagents were added into each flask as 
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summarized in Table 10. 5 % sodium acetate anhydrous (CH3COONa, 99 %, Alfa 
Aesar) and 20 % sulfuric acid (H2SO4, 95%, Labchem, Pittsburgh, PA) were used to 
adjust pH in the solutions for absorbance reading. The absorbance of each solution of 
flask was measured by spectrophotometer at various time lapsed from 10 to 1380 
minutes. 
 
Table 10. Chemicals added into each flask for FeCl3 color development. 
Flask   No. / pH (1)/1.47 (2)/1.94 (3)/5.76 (4)/6.42 (5)/6.95 (6)/7.17
Stock solution 50ml 50ml 50ml 50ml 50ml 50ml 
1% Hydroquinone 1ml 1ml 1ml 1ml 1ml 1ml 
20% sulfuric acid 1ml 0.25ml • • • • 
5% Sodium acetate • • • 1ml 5ml 10ml 
0.3% Phenanthroline 10ml 10ml 10ml 10ml 10ml 10ml 
 
Color developments of FeCl3 with phenanthroline at different pH are plotted in 
Fig. 21. 
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Fig. 21 Color development of FeCl3 solution at different pH at Fe concentration of 
4.75mg/L. 
 
The graphs in Fig. 21 show that lower pH is favorable condition for higher 
absorbance. However, the color of FeCl3 solutions were not completed and steady even 
after 10 hours of color development, and it seems that using FeCl3 makes the procedure 
less efficient due to the sluggish color development.  
 Iron nitrate (Fe(NO3)3) was ruled out from the list of the Fe salts due to the its 
highly hygroscopic property. To obtain accurate calibration curve, it is necessary to 
know the exact amount of Fe used within error of ± 0.2 mg. During weighing Fe(NO3)3 
on the scale, the actual mass kept increasing due to the adsorption of moisture in ambient 
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air, and it was inevitable to lose some of weighed iron nitrate because they were molten 
and stuck on the weighing paper. 
 Satisfying ease of use and stable and quick color development, Iron sulfate 
(Fe2(SO4)3) was selected to be used for ferric solution for the reductive capacity assay. 
For the stock Fe2(SO4)3 solution, 50.7 mg of Iron(III) sulfate hydrate (Fe2(SO4)3·xH2O, 
Reagent grade) was dissolved in 1 L of DI water. 50 ml of the stock solution and 1 ml of 
1 % hydroquinone were put into five 100 ml volumetric flasks, and different amounts of 
20 % sulfuric acid or 5 % sodium acetate were added to get various pH. And then, 10 ml 
of 0.3 % phenanthroline was added into all flasks. A method blank solution which 
contained only 50 ml of the stock solution and hydroquinone was made to see the 
background absorbance of the solutions. All of six flasks were diluted to 100 ml and 
measured its absorbance at different times ranging from 5 to 210 minutes. The quantities 
of chemicals which each flask contained are shown in Table 11. 
 
Table 11. Chemicals added into each flask for Fe2(SO4)3 color development. 
Flask   No./pH (1)/1.9 (2)/2.48 (3)/5.9 (4)/6.9 (5)/7.21 (6) 
Stock solution 50ml 50ml 50ml 50ml 50ml 50ml 
1% Hydroquinone 1ml 1ml 1ml 1ml 1ml 1ml 
20% sulfuric acid 0.25ml 0.1ml • • • • 
5% Sodium acetate • • • 2ml 10ml • 
0.3% Phenanthroline 10ml 10ml 10ml 10ml 10ml • 
 
The measured pH of each solution was 1.9, 2.48, 5.9, 6.9, 7.21, respectively. The 
absorbance results are plotted in Fig. 22. 
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Fig. 22. Color development of Fe2(SO4)3 solution at different pH at Fe concentration of 
5.56 mg/L. 
 
Color development of Fe2(SO4)3 solution with phenanthroline is certainly pH 
dependant, and the curves show that the lower pH of the solution is favorable for quick 
color development. In case of pH 1.9, it completed color development within 30 minutes 
and went steady which makes it desirable to use pH 2 for absorbance measurement. 
 
Effect of Fe Ratio to Nanomaterials in the Incubation Solution 
 
 Effect of Fe ratio on reductive capacity of CB was investigated by either varying 
usage of Fe2(SO4)3 with fixed amount of CB at 30 mg or varying amount of CB with 
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fixed Fe2(SO4)3 usage at 9 mg. And the reductive capacity results measured from 
different Fe ratio were compared with redox capacity result measured by the standard 
method (30mg of CB and 9mg of Fe2(SO4)3). When the amount of Fe2(SO4)3 was varied, 
controls having the same amount of Fe2(SO4)3 were used to see if Fe3+ ions are able to be 
reduced without any reducing agent at high concentration, and the absorbance of each 
control was measured with the same method as used for the reductive capacity 
measurement. Each reductive capacity was obtained from triplicate measurements, and 
the quantities of CB and Fe2(SO4)3  in incubation solutions were shown in Table 12. 
 
Table 12. The quantities of CB and Fe in the incubation solutions. 
 Sample No. CB Fe2(SO4)3 Fe ratio to 
CB (g/g) 
DI water 
1-1 30 ± 0.4 mg 3 ± 0.3 mg 0.022 
1-2 30 ± 0.4 mg 30 ± 0.8 mg 0.216 
1-3 30 ± 0.4 mg 90 ± 1.1 mg 0.658 
2-1 90 ± 0.6 mg  9 ± 0.4 mg  0.022 
2-2 10 ± 0.2 mg 9 ± 0.2 mg 0.197 
Standard 30 ± 0.2 mg 9 ± 0.2 mg 0.066 
2.8 mg 
8.9 mg 
30.1 mg 
Controls · 
89.4 mg 
· 
75 ml 
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Dissolved Fe2(SO4)3 can react with phenanthroline, resulted in yellow color 
which can be attributed to binuclear complexes [53]. And the absorbance results in Fig. 
23 show that the interference due to reaction between Fe3+ and phenanthroline becomes 
more significant at higher Fe3+ concentration. Since the ferroin has red color, the yellow 
color of the solution, shown in Fig. 24, indicates the color was not caused by Fe2+.  
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Fig. 23. Color intensity of Fe2(SO4)3 control solutions. 
*Absorbance was read with solutions containing 25 ml of incubated solution, 0.25 ml of 20% sulfuric 
acid, 10 ml of 0.3% phenanthroline out of 100 ml at 512 nm. 
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Fig. 24. A photo of 90 mg of Fe2(SO4)3 control. (a) Method blank, (b) Fe total,  
(c) Fe2+. 
 
The absorbance results from controls were taken into account for calculating 
reductive capacity of each sample, and the results were summarized in Table 13 and Fig. 
25. 
 
Table 13. Fe ratio and reductive capacity of each sample. 
Sample No. Fe ratio to CB (g/g) Reductive Capacity (g/g) 
1-1 0.022 0.0042 
1-2 0.216 0.0151 
1-3 0.658 0.0215 
2-1 0.197 0.0121 
2-2 0.022 0.0066 
Standard 0.066 0.0093 
 
(a) (b) (c) 
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Fig. 25. Effect of Fe ratio on the reductive capacity of CB. 
 
The results clearly show that reductive capacity is function of Fe ratio, and thus it 
was concluded that we should use constant Fe ratio to generate comparable results. 
 
Mixing Nanomaterials 
 
 Since the reduction of Fe3+ ions by nanomaterials occurrs in an aqueous solution, 
all the nanomaterials need to be submerged in the solution. To avoid floating of 
hydrophobic particles such as C60 and graphitized CNTs, different types of additives 
including alcohols and surfactant were tried to make the hydrophobic particles wet. All 
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of these additives were able to wet hydrophobic particles, and effects of adding alcohols 
and surfactant on the reductive capacity was investigated using CB. Each type of 
alcohols or diluted surfactant Tween 20 solutions (0.12 mM) was added first to soak CB 
and Fe2(SO4)3, and the reductive capacity assay was then carried out. The quantities of 
additives in the incubation solutions are shown in Table 14. 
 
Table 14. The quantities of additives in the incubation solutions 
 Sample ID. Quantity Additive 
Control · · 
Isopropanol 0.5 ml Isopropyl Alcohol (>99.5%, Mallinckrodt) 
Aceton 0.5 ml Aceton (>99.5%, Sigma-Aldrich) 
Butanol 2 ml Butyl Alcohol (>99.4%, Mallinckrodt) 
Surfactant 2 ml (0.12mM) Tween 20 (Bio Rad) 
 
Fig. 26 shows surfactant makes hydrophobic C60 get submerged into water. 
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Fig. 26. A photo showing of the behavior of a hydrophobic material; 30 mg of C60 in  
(a) DI water and (b) 0.12mM surfactant solution. 
 
The reductive capacity results of CB with different additives were summarized in 
Fig. 27. 
 
(a) (b) 
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Fig. 27. Effect of surfactants on the reductive capacity of CB. 
 
The results show that all alcohols interfere with the reductive capacity 
measurement, resulting in decreased reductive capacity while surfactant could be 
employed without significant interferences. 
 Sonication was once considered as a way to help dispersion of nanomaterials in 
solutions, and it might also help increase actual surface area, leading increased reductive 
capacity as seen in Fig. 14. However, it is decided not to use sonication not only because 
it is not likely to happen in biological conditions but also because it could influence 
incubation solution chemically which may affect the reductive capacity [54].  
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5.2 Incubation 
 
Temperature 
 
 The incubation temperature was set to 37 ˚C to mimic human cell culture. 
 
Incubation Time 
 
 In order to assure the reduction reaction of nanomaterials is fully completed, it 
was required to give nanomaterials sufficient incubation time to react with Fe3+ in the 
solutions. To determine effect of incubation time, a time course of the reductive capacity 
was obtained with CB by varying incubation time from 1 to 24 hours.  
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Fig. 28. The reductive capacity of CB at different incubation time. The solutions 
containing CB and Fe3+ ions were incubated for 1, 4, 8, 16 and 24 hours. 
 
The results in Fig. 28 show that it takes 8 hours or less for CB to finish redox 
reaction with Fe3+, and 82 % of reduction of Fe3+ ions takes place within first 1 hour of 
incubation. According to the results of CB, it is a reasonable conclusion that 16 hours is 
enough incubation time for nanomaterials to exert the reductive capacity to reduce Fe3+ 
ions.  
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5.3 Particle Separation 
 
Since particles scatter and/or absorb light, remaining particles in the solution 
would hinder accurate absorbance measurement. Therefore, the particles remaining in 
the solutions were removed through either filtration or centrifugation after incubation. It 
was proved that both methods yield the same results as shown in Fig. 29. 
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Fig. 29. The reductive capacity of CB measured using (a) Filtration, (b) 
Centrifugation. 
 
The reductive capacity of CB using filtration and centrifugation is 9.3×10-3 and 
9.6×10-3 g/g respectively. There is 4 % of difference between two results, however, this 
is statistically insignificant according to the t-test. 
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Filtration 
 
 A paper filter and plastic funnel were used for the filtration to separate the 
nanomaterials from incubated solution. The incubated solutions (75 ml each) were 
decanted into 100 ml volumetric flasks through the filter. The beakers used for 
incubation were rinsed with small amount of DI water (2~3 ml) several times, and DI 
water used to rinse the beakers was also filtered into the flasks so remaining Fe ions 
could be counted for the measurement. Finally, each flask was filled up to 100 ml mark 
with DI water through the paper filter in order to rinse the residual Fe ions on the paper 
filter into the flask. Requiring relatively short time, the filtration was used as prior 
method to centrifugation. And the filtration was effective for all carbon nanoparticles 
and nanotubes and amorphous silica but not for other metal oxides. 
 
Centrifugation 
 
 A centrifuge was used to separate metal oxide because the paper filter could not 
filter nano-sized metal oxides. After dilution of incubated solutions to 100 ml, each 
solution was divided into two 50 ml centrifuge tubes. The tubes were balanced and 
centrifuged at 400 rpm for 8 minutes. As a result, metal oxides particles were 
precipitated on the bottom of the centrifuge tubes, and enough amount of the particle-
free solution (approximately 80 ml) was obtained from two centrifuge tubes. 
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5.4 Optimal Conditions for Color Development and Absorbance Measurement 
 
Effect of pH and Time for Color Development 
 
 As seen in Fig. 22, acidic condition is favorable for quick and steady color 
development of Fe2(SO4)3. To keep the pH of the final solutions around 2, 0.25 ml of 
20% sulfuric acid was added prior to adding phenanthroline. At pH around 2, intensity 
of the color reached its highest absorbance in 30 minutes, and once it reaches maximum 
color intensity, the absorbance does not change any more. Thus, the absorbance 
measurements were performed in 1 hour after the final solutions were made. 
 
Effect of Order of Adding Chemicals and Photochemical Reduction 
 
 Since the order of adding reagent affect the absorbance results [55], the reagent 
were added in the order of ‘incubated solution → hydroquinone → sulfuric aicd → 
phenanthroline → dilution with DI water’. It was reported that complex of Fe3+ and 
phenanthroline can be reduced to [Fe(phen)3]2+ even by room light and it may cause 
significant error in photometric method [56]. To investigate possible effects of 
photochemical reduction, 8.5 mg of Fe2(SO4)3 was dissolved in 100 ml of DI water. A 
volume of 25 ml of this solution was put into three flasks (‘A’, ‘B’ and ‘C’).  Flask ‘A’ 
was diluted to 100 ml with DI water for method blank, and 0.25 ml of 20 % sulfuric acid 
was added into flask ‘C’. Into flask ‘B’ and ‘C’, 10ml of 0.3 % phenanthroline was 
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added. Absorbance of each flask was read at various time points during a day with 
fluorescent lights on in the room. There was no direct sunlight coming into the room, 
and the fluorescent lights are bright enough to provide consistent light condition 
regardless of the weather. Absorbance of flask ‘B’ and ‘C’ were subtracted by 
absorbance of method blank (flask ‘A’). 
 
 
Fig. 30. Absorbance increase of Fe2(SO4)3 solution with phenanthroline at different pH. 
 
Apparently, the absorbance of Fe2(SO4)3 solution with phenanthroline increased 
as time passed by, as seen in Fig. 30. However, the reaction is pH dependant, and in the 
standard method, pH of final solution (≈2) is so low that this effect can be neglected. 
Besides, even at higher pH (>5), reaction took place too slow to yield significant error in 
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1 hour. Even though it is not clear whether the increase of absorbance is due to 
photochemical reduction or not, it can be concluded the photochemical reduction does 
not interfere the standard method. 
 
Other Factors Affecting Absorbance 
 
 All the factors which may affect the absorbance other than ferroin were 
investigated by measuring absorbances of reference solutions. The reference solutions 
were prepared so they have the same quantities of reagent as used in the final solutions. 
Both phenanthroline and hydroquinone do not affect the absorbance measurement 
showing zero absorbance of reference solutions. Although, Fe2(SO4)3 reference solution 
has yellow color itself which may cause absorbance, Fig. 23 shows its contribution 
(absorbance 0.003) is negligible when 9 mg of Fe2(SO4)3 is used. Fe impurities in the 
material would also contribute absorbance if Fe2+ ions are dissolved during incubation. 
The extractable Fe2+ from each material was determined as described in appendix C. 
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Fig. 31. Extracted Fe2+ (g/g) from the materials. 
 
The results in Fig. 31 show UPM has a significant soluble Fe2+ and these results 
were taken into account for the reductive capacity anaylsis. 
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6. DISCUSSION 
  
Oxidative stress, induced by reactive oxygen species (ROS) such as hydroxyl 
radical, has been evidenced as one of the main mechanisms of material’s toxicity. When 
a material with significant reductive capacity co-exists with Fe3+ ions, Fe3+ ions would 
be reduced to Fe2+ by the material, and the reduced Fe2+ ions would generate hydroxyl 
radicals (OH·) by Fenton reaction.  
 
Fe2+ + H2O2 -> Fe3+ + OH· + OH- 
 
Oxidation potential of OH· is second highest (2.8 V) which is enough to cause 
serious oxidative stress initiating DNA damage and lipid peroxidation. Furthermore, 
Fe3+, a byproduct of Fenton reaction, may be reduced again by the material, and this 
would make Fenton reaction keep taking place in a cycle. Considering the fact that Fe is 
one of the abundant materials in the air particulate matters and most frequently found 
impurity in commercial nanomaterials, this mechanism should be a plausible 
explanation. 
Although, the reductive capacity was measured targeting only Fe3+ ions, the 
ability of materials to donate electrons may exert toxic effect by catalyzing ROS 
generations because electron donor is required in ROS formation such as superoxide and 
hydroxyl radical [57] as shown below. 
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O2 + e- → O2-   
H2O2 + e- → OH- + OH·   
 
Since the Fenton reaction is spontaneous, and the standard redox potential of Fe3+ 
is 0.77 V, the redox potential of hydrogen peroxide should be greater than 0.77 V. It 
means hydrogen peroxide has stronger tendency to take electrons, and it is easier to be 
reduced than Fe3+ ions are. Thus, if a material is able to reduce Fe3+ ions to Fe2+ ions by 
donating electrons, the material would also be able to reduce hydrogen peroxide and 
produce hydroxyl radicals. 
 
Fe3+ + e- → Fe2+ (Eo = 0.77 V) 
H2O2 + Fe2+ → OH- + OH· + Fe3+ (spontaneous reaction, Eo > 0) 
↓ 
H2O2 + e- → OH- + OH·  (Eo > 0.77 V) 
 
Even though toxicity mechanisms of nanomaterials are not yet fully elucidated 
and still controversial, results of comparative toxicity studies are in accordance with the 
reductive capacity results in this study. CNTs are more toxic than metal oxides including 
SiO2 and TiO2 [58, 59], and C60 showed no toxicity while CNTs are significantly toxic 
where SCNT is more toxic than MCNT in terms of cell viability [60]. Among CNTs, 
acid-treated CNTs which have surface functional groups such as hydroxyl are more toxic 
than the pristine CNTs [61]. Considering the general trend of toxicity of materials used 
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this study accords closely with the reductive capacity results, the reductive capacity of a 
material may be an important factor for the toxicity of materials.  
Anatase TiO2 (Ti-A) and crystalline silica (Si-C) are generally known as toxic 
materials. Low or insignificant reductive capacities of these metal oxides indicate its 
ability to give or take electrons may not be the main reason for toxicity mechanisms of 
metal oxides. Besides, a toxicity study on TiO2 particles found that surface area does not 
affect on its toxicity [62], suggesting the nature of metal oxide toxicity is not related to 
the surface reaction such as electron transfer. 
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7. SUMMARY AND CONCLUSION 
 
A reproducible spectrophotometric method for determination of reductive capacity of 
nanomaterials was established as below.  
• Iron(III) sulfate hydrate was selected for the initial ferric solution, and surfactant 
(Tween 20) was added for hydrophobic materials. 
• Each measurement was performed at fixed Fe ratio of 0.066 ± 0.002 (30 ±0.2 mg 
of nanomaterials and 9 ± 0.2 mg of Fe2(SO4)3) and at the same incubation 
conditions (16 hours at 37 ˚C). 
• Particles were removed by filtration or centrifugation for reading absorbance, and 
absorbance was measured at pH 2 after 1 hour of color development. 
• The reductive capacity of a material was determined as mean of reductive 
capacities of triplicate samples. The significance of the reductive capacity 
differences of each sample was assessed by the statistical tools (t-test and 
ANOVA). 
 
The reductive capacities of carbon nanoparticles and nanotubes, metal oxides and 
standard reference materials were determined by the standardized method. 
• CB has the highest reductive capacity (9.3×10-3 g/g) among tested materials, and 
2 weeks of stirring caused decrease of reductive capacity by 34%. 
• CNTs also have significant reductive capacity raging from 1.1×10-3 to 8.4×10-3 
g/g depending on its type and surface functional groups; single-wall CNTs 
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generally have higher reductive capacity than multi-wall CNTs, and the one with 
OH groups shows higher reductive capacity than others. Graphitized CNTs are 
less reductive than pristine CNTs. 
• Manually ground CNTs show increased reductive capacity which does not last 
long; 3 days of aging reduced its reductive capacity which has been increased by 
grinding. 
• Fullerenes has different reductive capacity according to its surface functional 
groups; pristine C60 is not reductive towards Fe3+ while fullerenes with OH and H 
surface groups have reductive capacity of 7.7×10-3 and 1.8×10-3 g/g respectively.  
• SRMs have a significant reductive capacity of 2.5×10-3 g/g. 
• Metal oxides show relatively low reductive capacities in range of 0.9×10-4 ~ 
5.4×10-4 g/g.  
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 APPENDIX A 
 
SAMPLE TREATMENTS 
 
Grinding and aging of CNTs 
 
(a) The mortar and pestle are cleaned with Isopropyl alcohol and dried before use. 
(b) 200 mg of CNT is weighted and placed in the pestle. 
(c) The CNT is manually ground by a mortar for 20 minutes and transferred to a vial 
followed by shaking to mix ground CNT. 
(d) 90 mg of ground CNT is immediately used for reductive capacity measurement. 
(e) The rest of ground CNT is dispersed on a weighing paper and left in ambient air for 3 
days for another reductive capacity measurement. 
 
Oxidization of CB and Soot-A 
 
(a) 90 mg of CB or Soot-A is weighted and placed in a jar. 
(b) 200 ml of DI water is added and stirred by a magnetic on a stir plate at room 
temperature (20 ± 3˚C). The cap of the jar should be loosen so that air can diffuse into 
the jar. 
(c) After 2 weeks of stirring, oxidized material is analyzed as a form of suspension. 
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APPENDIX B 
 
SYNTHESIS OF TiO2 (ANATASE) 
 
Anatase TiO2 nanoparticles were synthesized in a H2/O2 flame using 
titanium(IV) i-propoxide as a precursor. The flame apparatus for TiO2 synthesis is 
schematically shown in Fig. 32. 
 
 
Fig. 32. The schematic of flame apparatus for TiO2 synthesis. 
 
 
 73
1 Standard Liter per Minute (SLM) of H2 and 6 SLM of O2 were used as fuel gas and 
oxidizer, respectively. Even though the vapor pressure of titanium(IV) isopropoxide is 
high enough to be vaporized at room temperature (25 ˚C), a heater was installed to help 
vaporizing precursor by increasing temperature up to 200 ˚C. The precursor container 
was designed to hold approximately 0.5 ml of titanium(IV) isopropoxide in the heater so 
that H2 gas could carry vaporized precursor to the outlet. The vapor of precursor in H2 
gas was burned and formed anatase TiO2 nanoparticle in the synthesis flame. The 
nanoparticles collected on the alumina filter by vacuum were scraped off and stored in a 
vial. The synthesis was repeated until 200 mg of TiO2 was obtained for reductive 
capacity assay. 
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APPENDIX C 
 
DETERMINATION OF EXTRACTABLE Fe2+ IN THE MATERIALS 
 
(a) 30 mg of a material is put into a 200 ml beaker and suspended in 75 ml of DI water. 
(b) 0.02 ml of 5 % sulfuric acid is added to make pH around 3.5 which is the same pH of 
incubation solution of the standard method using 9 mg of Fe2(SO4)3. 
(c) The beaker is incubated in the same conditions as used in the standard method (16 
hours at 37 ˚C). 
(d) After incubation, the amount of Fe2+ leached from 30 ± 0.2 mg of the sample is 
determined by the same spectrophotometric technique used in the standard method.  
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APPENDIX D 
 
CONVERSION OF ABSORBANCE LIMIT TO MEASUREMENT 
UNCERTAINTY 
 
(a) The spectrophotometer has an absorbance limit of 0.002 
(b) Based on the calibration curve in Fig. 4, this absorbance limit (0.002) corresponds to 
0.0106 mg/L of Fe2+ concentration in final solution. (0.002 / 0.1893 = 0.0106 mg/L) 
(c) In 100 ml of the final solution, 25 ml of the original solution is contained, thus, Fe2+ 
concentration of the original solution is 4 times higher than that of the final solution. 
(0.0106 × 4 = 0.0423 mg/L) 
(d) Since, the volume of the original solution is 100 ml, the mass of Fe2+ in the original 
solution is 0.0042 mg. (0.0423 × 100 /1000 ≈ 0.0042 mg) 
(e) 0.0042 mg of Fe2+ yields 1.4 × 10-4 g/g of reductive capacity when 30 mg of a 
material is used. (0.0042 / 30 = 1.4 × 10-4 g/g) 
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